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An ovine bacterial artificial chromosome (BAC) library containing 190,000 BAC clones was constructed and subsequently screened to
construct a BAC-based physical map for the ovine major histocompatibility complex (MHC). Two hundred thirty-three BAC clones were selected
by 84 overgo probes designed on human, mouse, and swine MHC sequence homologies. Ninety-four clones were ordered by DNA fingerprinting
to form contigs I, II, and III that correspond to ovine MHC class I–class III, class IIa, and class IIb. The minimum tiling paths of contigs I, II, and
III are 15, 4, and 4 BAC clones, spanning approximately 1900, 400, and 300 kb, respectively. The order and orientation of most BAC clones in
each contig were confirmed by BAC-end sequencing. An open gap exists between class IIa and class III. This work helps to provide a foundation
for detailed study of ovine MHC genes and of evolution of MHCs in mammals.
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complex (MHC) in all jawedvertebrates is generally composedof
the class I, class II, andclass III regions [1].Thegeneswithin these
regions play pivotal roles in innate and adaptive immune
responses; many of them are associated with susceptibility/
resistance toagreatvarietyof infectiousandautoimmunediseases
[2,3]. Classical MHC class I molecules present endogenous
peptides to the immunesystemforsurveillancebyCD8+cytotoxic
Tcells,whileMHCclass IImoleculesdisplayexogenouspeptides
that are recognized by the antigen receptors of CD4+ helper T
lymphocytes. Both class I and class II genes are generally highly
polymorphic and embedded between well-conserved frame-
works of gene clusters, parts of which are indispensable for
adaptive immunity. The class III region is a highly gene-dense☆ Sequence data from this article have been deposited with the GenBank
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doi:10.1016/j.ygeno.2006.02.006region and contains a number of structurally unrelated genes,
among which are several genes known to be involved in innate
immunity, such as those coding for C4 and TNF [4].
In addition to its biomedical significance, the MHC is also a
region of considerable evolutionary interest. Comparative
mapping of MHC regions among various jawed vertebrate
species may shed light on the function and evolution of the
MHC, as well as the evolution of vertebrate genomes in general.
The MHCs in humans [5], rhesus macaques [6], and rats [7]
have been completely sequenced. Species with partially known
MHC sequences or MHC physical maps include mouse [8],
chimpanzee [9], cattle [10,11], pig [12–18], cat [19,20], dog
[21–23], and horse [24,25]. However, current knowledge about
the sheep MHC is considerably limited.
The sheep MHC, also called ovine leukocyte antigen (OLA),
is located on ovine chromosome 20 (OAR 20q15–20q23) [26].
Previous studies have shown that the OLA is associated with
resistance to foot rot [27], parasites [28], and bovine leukemia
virus [29]. Current studies of the OLA have been focused on the
gene content and polymorphism of the class II region [30–34],
which is split into two discrete subregions (class IIa and IIb), as
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gene loci are present and homologous to their counterparts in
the human MHC [31,39,40]. One exception is that the DP loci
in human are replaced by the DY loci in sheep [30,31,41]. The
number of DQA genes in sheep varies between haplotypes
[32,33,42]. The number of ovine MHC class I loci may exceed
six, of which at least three are classical [43]. However, no other
information is available about the content and organization of
the OLA except the DY and DQ subregions [41,44].
A few large-insert genomic libraries of sheep were
constructed prior to this study. However, the known sheep
yeast artificial chromosome library has a problem of chimerism
[45], and the sizes of two existing bacterial artificial
chromosome (BAC) libraries were relatively small, all less
than 4× the sheep genome coverage [46,47]. Recently, an ovine
BAC library with 12 × genome coverage was reported online by
Pieter J. de Jong's group (http://bacpac.chori.org/library.php?
id=162). To understand better the genomic structure of the
OLA, we constructed a novel ovine BAC library and used
comparative genomics approaches to identify BAC clones
containing ovine MHC genes. We then performed a series of
analyses to assemble the BAC clones into three contigs with
defined gene content. Here we report the first comprehensive
BAC-based physical map of the OLA, which will be a useful
guide for detailed OLA research, including gene identification,
sequencing, and evolutionary studies.
Results
BAC library construction
We successfully constructed a HindIII BAC library for the
genome of a male Chinese fine-wool Merino sheep, an
important and dominant sheep breed for fine wool and meat
in the northwest region of China. The library contains a total of
190,464 random BAC clones stored in 496 384-well plates, and
three sets of identical copies were made for storage of the library
at different locations. Restriction enzyme NotI (an 8-base cutter)
digestion of 337 randomly selected clones demonstrated a
random distribution of the BAC inserts, with an average insert
length of approximately 133 kb (Fig. 1). Only 10 of 337 BAC
clones showed no obvious insert, indicating that the frequency
of insert-bearing BAC clones of the library is over 97% (Fig. 1).
Fingerprints of clones before and after serial passage of growth
indicated all clones examined were stable. Based on average
insert length and the number of recombinant clones, we estimate
that the library contains over 1.9 × 105 recombinants. Assuming
the ovine genome has 3 × 109 nucleotides, the size of this
HindIII BAC library is approximately 8.4 times equivalent of
the ovine genome in nucleotides.
Selection of MHC-associated BAC clones
Initial screening of the whole library with a mixture of 84
overgo probes corresponding to 59 MHC genes (Supplementary
Table 1) yielded 233 potentially MHC-positive BAC clones
(Fig. 2A). Gene content of the selected clones was subsequentlydetermined by hybridization of individual overgo probes to
secondary nylon filters containing those 233 clones (Fig. 2B).
As a result, 123 positive clones were further selected by
hybridization with 41 individual overgo probes. The number of
BAC clones associated with ovine MHC class I, class III, class
IIa, and class IIb regions was 76, 29, 10, and 8, respectively.
Overlapping BAC contig assembly
DNA fingerprinting by HindIII digestion of the 123 BAC
clones (Fig. 3) resulted in assembly of 63 overlapping clones
into seven provisional BAC contigs. The assembled clones were
subsequently sequenced at one or both clone ends for
confirmation. Analyses of the BAC-end sequences using
BLASTn identified 26 ovine MHC genes and a centromeric
gene adjacent to OLA class IIb: AFP (346G21-T7, 239C1-T7),
ATP6V1G2 (453O11-RP2), BAT3 (159J24-RP2), BF (104L2-
T7), BRD2 (58G13-RP2), BTNL2 (283N15-T7), BTNL7
(44I10-RP2), Class I (141C4-T7, 382D11-RP2), CSNK2B
(354C7-T7), DHX16 (231L24-T7), DOB (119K1-RP2),
DQA1 (271H22-RP2), DQA2 (197N2-RP2), DQB1 (18B7-
RP2), DSB (349I12-T7), DYB (165D7-T7), HCR (60L1-RP2),
HSPA1A (373D13-T7), POU5F1 (420E3-T7), PPP1R11 (55L9-
RP2), RDBP (68G10-T7), TCF19 (102O18-RP2, 179B11-RP2,
239F6-T7), TRIM39 (251J12-T7), TUBB (304D17-T7), UBD
(112M20-RP2), VARS2L (135C10-T7), and GCLC (119K1-T7,
119M16-RP2, 399O21-T7, 494O21-RP2). However, a large
portion of the BAC-end sequences were noncoding and/or
repetitive elements that are not informative for determination of
the BAC clone relationships. Combining the fingerprinting and
BAC-end sequencing information, we generated a final
assembly of the three contigs using end sequence-specific
PCR (Supplementary Table 2). Contig I has a minimum tiling
path composed of 15 BAC clones that covered the ovine MHC
class I plus class III regions. Contigs II and III each have a
minimum tiling path of 4 BAC clones for the MHC class IIa and
class IIb, respectively. An open gap between the class IIa and
the class III regions prevented contigs I and II from joining
together.
Polymorphic markers on contigs
Twelve MHC-associated polymorphic markers on OAR20
(Table 1) were localized onto the three contigs by PCR using
BAC clone DNA as templates (Fig. 4). Briefly, DIB_E2,
DMB_EX2, and DYAwere localized onto contig III; DQBA-27,
DQBB-27, DQA1, DQA2, OLADRW, andMB025 onto contig II;
and BF94_1, BMS468, and OMHC1 onto contig I. Altogether,
these data not only helped to confirm the order of BAC clones
for the contig map we constructed, but also suggested that most
likely all of the OLA class II genes were fully represented by the
three contigs.
Characterization of the BAC contigs
By combining the information from the linkage map of OAR
20 [38] and the data generated in this research, a BAC contig-
Fig. 1. Characterization of the Chinese fine-wool Merino sheep BAC library. (A) Visualization of insert sizes of BAC clones selected to cover ovine MHC regions on
agarose gel. Purified plasmid DNAs of BAC clones were separated by pulse-field electrophoresis on a 0.85% agarose gel after digestion with NotI restriction
endonuclease. M, λDNA ladder (New England Biolabs, Beverly, MA, USA); the size of the plasmid vector band is approximately 8.1 kb. (B) Insert size distribution of
the BAC library. A total of 337 BAC clones were picked randomly and the purified plasmid DNAs were analyzed with a CHEF unit after NotI digestion. The average
insert size is approximately 133 kb (n = 337); frequency of a BAC clone with no insert is approximately 2.97% (10/337).
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and is presented (Fig. 4). For comprehensive comparison of
MHC organization and gene orders among species, a compar-
ative MHC map including the human and all other available
mammalian species is presented (Supplementary Fig. 1).
Restriction fragment length analysis of BAC clones
belonging to contig II and contig III indicated that the lengths
of the ovine MHC class IIa and class IIb regions are
approximately 400 and 300 kb, respectively. The order of
known genes in these regions from the telomeric end is given
(Fig. 4). DY, DO, and DM loci were found to lie within the OLA
class IIb subregion, while DR and DQ loci were localized in the
class IIa subregion. Classes IIa and IIb are separated by a large
genomic insertion of approximately 25 cM [38]. It is interesting
to note that the organization of the ovine class II region isdifferent from those of human and many other mammals, even
from its close relative—cattle, in which the MHC class II region
is composed of three discrete subregions due to multiple
rearrangements (Supplementary Fig. 1, NCBI MapViewer).
BAC-end sequence analysis confirmed the presence of BTNL2,
DQA1, DQA2, DQB1, and DRB in the ovine class IIa subregion
and BRD2, DOB, DYB, andDSB (ortholog to mouse H-2 class II
histocompatibility antigen, I-E β chain precursor) in the class
IIb subregion. A centromeric gene, GCLC, was found adjacent
to the OLA class IIb region. Retinoid X receptor β (RXRB), a
non-MHC gene next to the ovine class II region, was covered by
these contigs. The relative orders of DOA to BRD2 and PSMB8
to TAP2 were not determined in this study.
The ovine class III region was approximately 600 kb in
length, as deduced by RFLP analysis of five BAC clones
Fig. 2. Overgo probe hybridization for screening of BAC clones containing genes within the ovine MHC region. (A) A representative autoradiography image
showing overgo hybridization on high-density (9 × 384 clones) nylon membranes with a pool of 84 overgo probes in initial screening. Positive clones are indicated
with arrows. A total of 194 pieces of high-density nylon membranes were screened in the study. (B) A representative image of overgo hybridization with individual
overgo probes, on a low-density membrane containing rearrayed BAC clones obtained by initial screening. Actually more than 233 clones were arrayed on the
low-density membrane due to some blur signals. Shown here is the autoradiograph of overgo hybridization with an overgo probe (class Ib, Supplementary Table 1)
corresponding to class I genes.
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analysis confirmed the presence of the ATP6V1G2, BAT3, BF,
BTNL7, CSNK2B, HSPA1A, and RDBP genes in this region.
The gene order within the OLA class III region appears to be
well conserved with those of other mammalian species
examined, excluding cattle ([5–8,14,24,48], NCBI MapViewer,
Supplementary Fig. 1). This result is consistent with the
suggestion that the MHC class III region is evolutionarily more
conserved than the other regions [48]. The ovine MHC class I
region is approximately 1.3 Mb in length, extending from BAT1Fig. 3. A gel image of representative DNA fingerprints of the MHC-positive BAC clo
CopyControl pCC1BAC were digested with HindIII, followed by separation on a
ethidium bromide and the photograph was captured with UVP Labworks system (UV
CA, USA), λ/HindIII, and λ/HindIII + EcoRI. The sizes in base pairs of the marketo MOG. Sixteen anchor genes were identified, 4 of which
(POU5F1, TRIM39, TUBB, and VARS2L) were confirmed by
end sequencing (Fig. 4). As in human MHC, ovine class I
sequences were found in two blocks: κ block (between TRIM26
and TRIM39) and β block (between POU5F1 and BAT1) [49].
To our surprise, both end sequencing of BACs 141C4
(CZ445727) and 382D11 (CZ445780) and sequence-specific
PCR identified sequences highly similar to pig class I PD1 gene
(84% nucleotide sequence identity) between GTF2H4 and
CDSN, as in the bovine MHC (Supplementary Fig. 1). Sequencenes covering the sheep MHC region. The positive BAC clones and BAC vector
1% agarose gel in 1× TAE buffer as described [58]. The gel was stained with
P, Inc., CA, USA). M, mixture of 1 kb plus DNA ladder (Invitrogen, San Diego,
rs are indicated on both sides.
Table 1
Localization of polymorphic markers on the physical map of the sheep MHC
region
Marker PCR-positive clones
BF94_1 68G10; 373D13; 387P22; 96J18
BMS468 225B16; 21H3; 282P19; 135C10





DQBB-27 18B7; 197N2; 271H22
DYA 494O21; 349I12; 399O21; 119M16; 119K1
MB025 283N15; 18B7
OLADRW 283N15; 18B7
OMHC1 374N21; 114G10; 82L10; 61G13
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(CZ445796) also suggested the presence of two genes in the
OLA class I region that are homologous to bovine IFITM3
(90% nucleotide identity) and human RRAGC (87% sequence
identity), respectively. Gene organization of the OLA class I
region is similar to that of the swine MHC class I region, except
that there are no class I genes/sequences between GTF2H4 and
CDSN. In addition, UBD, a gene next to the class I region, was
identified.
Discussion
We have successfully constructed a novel ovine BAC library
and used it to screen BAC clones to cover almost the entire
ovine MHC region. The three BAC contigs described herein
provide the first comprehensive physical map of the OLA. TheFig. 4. A BAC clone-based physical map of the ovine major histocompatibility com
gene-specific probe hybridization, DNA fingerprinting, BAC-end sequencing, and se
each clone on the map; arrowhead indicates the T7 end of BAC insert. A red line indic
regions are labeled with red, green, and blue colors, respectively. The class II re
approximately 25 cM into class IIa and IIb subregions. Genes identified by BAC-end
overgo hybridization are marked with filled boxes. The centromere is indicated by a b
[38] is given at the bottom for reference, with indication of polymorphic markers loclass IIa and class IIb contigs span approximately 400 and
300 kb, respectively, while the class III–class I contig spans
approximately 1.9 Mb on ovine chromosome 20. There is an
open gap between the two contigs that encompass the ovine
MHC class IIa and class III regions, and the distances between
BTNL2 and PBX2 are different in different mammals, ranging
from 200 (rhesus macaque) to 490 kb (dog) [5] (NCBI
MapViewer, dog genome view build 1.1).
The gene order and organization within the ovine MHC class
III region appears to be well conserved with those of human and
most other mammalian species examined to date [5–9,12,42]
(Supplementary Fig. 1), which is consistent with the suggestion
that the MHC class III region is evolutionarily more conserved
than other regions [43]. Most likely, this structural conservation
has a potential functional significance related to the organiza-
tion of these genes within the MHC region [48]. One exception
is that of cattle, in which the MHC class III region seems to have
undergone two obvious inversions relative to that of the human.
In contrast, a greater variation was found in the ovine class II
region as with other mammalian species (Supplementary Fig.
1). Relative to those of the human, chimpanzee, rhesus
macaque, mouse, rat, pig, dog, cat, and horse, the sheep MHC
class II region is rearranged and divided into two discrete
regions (IIa and IIb) due to chromosome inversion. Most
mammalian and marsupial species examined have α- and β-
genes in the DP, DO, DM, DQ, and DR class II subregions.
However, some of the gene clusters were apparently rearranged
or deleted in the evolutionary process [44]. We present new
evidence that in sheep, as in cattle and goats, the DP loci were
replaced by new DY loci [27,32,38–40]. Another example is
that the mole rat MHC lacks the entire DR subregion [48], but it
contains multiple α- and β-genes in the DP subregion. Theplex. Order and orientation of BAC clones were determined by combinations of
quence-specific PCR. Clone ID and insert size (kb in parenthesis) are given for
ates a clone of minimum tiling pass. Genes in MHC class I, class III, and class II
gion was divided by a large genomic insertion (indicated by dotted line) of
sequencing are marked with open boxes plus blue dots, and those identified by
lack oval. The double-slash mark indicates an open gap. The ovine linkage map
cated on BAC clones.
93H. Liu et al. / Genomics 88 (2006) 88–95domestic cat MHC lacks the entire DQ subregion and instead
exhibits expansion of DR genes [18,44]. The primates have
double DPA/DPB gene pairs with at least one pair fully
functioning, whereas other nonprimate mammalian DP sub-
regions contain a nonfunctional pair of α- and β-genes [44].
These data suggest that the class II region is more plastic than
the class III region in terms of evolutionary changes.
Of the 13 genes localized to the ovine MHC class I region,
seven (CDSN, FLOT1, MOG, POU5F1, PPP1R11, TRIM10,
and TRIM26) were previously identified as highly conserved
framework genes in human, mouse [41], and other mammals
[5,6,8,9,12,42]. Consistent with the framework hypothesis [41],
three major duplication blocks designated α (betweenMOG and
PPP1R11), β (between POU5F1and BAT1), and κ (between
TRIM26 and GNL1) have been identified in a number of
species. However, the number of class I genes found within
these blocks varies significantly both within and between
species [46], which is the main reason for the differences in size
and gene content of the MHC among species and even between
haplotypes [5–8]. This study suggests that there are class I
sequences in a novel block (between GTF2H4 and CDSN) in
addition to the κ and β blocks, and no evidence exists for the
presence of class I sequences in the α block. Further analysis of
the OLA class I region will be necessary to confirm the
framework organization suggested in this study.
Additionally, BAC end-sequence analyses suggested the
presence of two genes/sequences homologous to IFITM3 and
RRAGC in the OLA class I region. In the human genome, both
genes locate at 11p15.5 and 1p34, respectively, whereas in
chimpanzee, the IFITM3 gene locates between MOG and
TRIM31 (NCBI MapViewer, chimpanzee genome view build
1.1). In the MHC of other species, species-specific genes have
also been found [6,5] (NCBI MapViewer, dog genome view
build 1.1).
In conclusion, our comparative analysis demonstrated
obvious conservation of gene order and structure of the
MHCs among mammalian species. The construction of the
three BAC contigs covering most of the OLA has increased our
knowledge of the gene content and organization of the ovine
MHC region and provided the sequencing-ready templates for
further detailed analysis of this important genomic region.
Future research will provide valuable information about the
functional genomics and evolution of the sheep MHC and
contribute to our understanding of the relationship between the
genes of the ovine MHC and ovine immune responses.
Materials and methods
Construction of BAC library
The sheepBAC librarywas constructed following themodified procedures of
Osoegawa et al. [50]. Briefly, genomicDNAwas isolated from the leukocytes of a
single male Chinese fine-wool Merino sheep, subjected to partial digestion with
HindIII, size selected on agarose gels by pulsed-field gel electrophoresis, and
ligated to the CopyControl pCC1BAC HindIII cloning-ready vector (Epicentre
Biotechnologies, Madison, WI, USA) as described (http://www.epibio.com/
pdftechlit/177pl074.pdf). Ligation products were transformed by electroporation
into the TransforMax Escherichia coli EPI300 strain (Epicentre Biotechnolo-
gies).White colonieswere picked and transferred into 384-well plates for growth,storage, and replication. High-density filters representing the whole library were
prepared on 196 pieces of nylon membranes, with each membrane harboring the
BAC clones corresponding to three 384-well plates and three replications per
BAC clone. Estimation of the average insert size and a stability test of the BAC
library were conducted as described by Shizuya et al. [51].
Design of overlapping oligonucleotide (overgo) probes
The overgo primers were designed as described by Gustafson et al. [24].
Briefly, conserved MHC regions within 48 orthologous genes (Supplementary
Table 1) were identified by ClustalW alignment of the sequences from several
mammalian species (http://www.ebi.ac.uk/clustalw/index.html), and 84 pairs of
overgo primers were designed based on the conserved sequences homology after
exclusion of repetitive elements by RepeatMasker (http://www.repeatmasker.
org). These overgo probes were screened against GenBank using BLASTn [52]
to confirm specificity and to exclude repetitive elements.
Overgo probe labeling and BAC library screening
The overgo probes were 32P labeled as described by Gustafson et al. [24].
Prehybridization was performed for 1–4 h at 55°C in hybridization buffer
(1 mM EDTA, 7% SDS, 0.5 M Na2HPO4, pH 7.2). The labeled overgo probes
were pooled, denatured, chilled on ice, and added to the prewarmed fresh
hybridization solution. After hybridization at 55°C for 16 h, the filters were
washed for 30 min at 55°C with 1 mM EDTA, 1% SDS, and 40 mM Na2HPO4,
followed by two consecutive washes of 20 min at 55°C with 1.5 × SSC and 0.1%
SDS. When necessary, a third wash of 20 min was done with 0.5 × SSC and
0.1% SDS. Filters after washing were subjected to autoradiography for 3 days at
−80°C. Clones corresponding to positive signals were transferred to secondary
plates and spotted onto nylon filters for secondary screening with individual
probes (Supplementary Table 1).
DNA fingerprinting and assembly of draft contigs
BAC DNA from MHC-positive clones was extracted following the protocol
of the Phaseprep BAC DNA kit (Sigma–Aldrich, St. Louis, MO, USA), except
that cultures were induced with CopyControl Induction Solution (Epicentre
Biotechnologies) as described elsewhere (http://www.epibio.com/pdftechlit/
177pl074.pdf). These BACs were digested with HindIII and analyzed on 1%
TAE agarose gels [53]. The loading order of digestion products was
preliminarily determined according to the results of hybridization with
individual probes. The gel images were captured with UVP Labworks System
(UVP, Inc.) after staining the gel with ethidium bromide. Restriction fragment
patterns were compared manually to identify overlapping BAC clones, which
were then manually assembled into draft contigs.
BAC-end sequencing
BAC DNA was isolated as described previously. End sequencing of the
BAC clones was performed on an ABI 3730 DNA analyzer using the BigDye
Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA,
USA) and CopyControl pCC1BAC vector-derived sequencing primers T7 (5′-
TAATACGACTCACTATAGGG-3′) and pCC1/pEpiFOS RP-2 (RP2) (5′-
TACGCCAAGCTATTTAGGTGAGA-3′) following the manufacturer's
instructions (http://www.epibio.com/pdftechlit/177pl074.pdf).
Confirmation of overlapping BACs
PCR primers designed from the end sequences of selected BAC clones
(Supplementary Table 2) were used on OLA-positive BAC clones to confirm
both gene content and the overlaps as suggested by fingerprinting and overgo
hybridization. As for BAC end-specific primers, PCR was carried out in 20-μl
reactions containing 2 ng of BAC DNA as the template, 0.5 unit of homemade
Taq DNA polymerase, 0.1 mM dNTPs, 1.5 mM MgCl2, 0.25 μM each primer,
and 1 × PCR buffer (10 mM Tris–HCl, pH 8.4, and 50 mM KCl). The thermal
profile was as follows: 2 min at 95°C; 30 s at 95°C, 30 s at 52°C, 30 s at 72°C for
35 cycles; 5 min at 72°C; and 5 min at 4°C. DMSO was added to the PCR
94 H. Liu et al. / Genomics 88 (2006) 88–95mixture at a final concentration of 5% when primer sets 18B7-T7 and 63M17-
RP2 were used.
Localization of polymorphic markers on contigs
Twelve polymorphic markers on the linkage map of OAR20 were selected:
BF94_1, BMS468, DIB_E2, DMB_EX2, DQA1, DQA2, DQBA-27, DQBB-27,
DYA, MB025, OLADRW, and OMHC1 [38]. The primer sequences and the
annealing temperatures of these markers were as described elsewhere (http://
rubens.its.unimelb.edu.au/~jillm/JILL.HTM). The BAC clones within the
contigs were used as DNA templates for PCR.Acknowledgments
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